Introduction
The detection and quantitative determination of phenothiazine drugs is important in both biological and clinical fields. Phenothiazine drugs possess neuroleptic and antidepressant actions, so they are commonly prescribed for psychotic patients. This medicine is used for the treatment of symptoms seen in schizophrenia, Tourette's disorder 1, 2 and disabling involuntary movements in Huntington's chorea. 3 It is also used for the treatment of nausea, vomiting and behavior problems of dementia in the elderly. 4 In recent years, the selective inhibition of Alzheimer disease-like tau aggregation by phenothiazine drugs 5 and the function of phenothiazine derivatives as pharmacotherapeutics for prion disease 6, 7 have been reported. Promethazine and chlorpromazine are two typical phenothiazine drugs; their chemical structures are shown in Scheme 1.
Various methods, such as high-performance liquid chromatography (HPLC), 8 capillary zone electrophoresis, 9 UVVis absorption spectrophotometry, 10 fluorescence quenching, 10 have been utilized to detect these two compounds. The electrochemical reactions of these two compounds have also been studied at various solid electrodes. 11, 12 Several electroanalytical methods utilizing the oxidation of these compounds to cation radicals or their accumulation onto bareor lipid-coated carbon electrodes have been developed. [11] [12] [13] [14] However, sensors based on chromatographic analysis, spectral method or direct electrochemical oxidation of phenothiazine drugs usually have unsatisfactory sensitivity. Therefore, most protocols nowadays are based on various DNA-modified electrodes to enhance their detection limit, because the intercalative association of the planar tricyclic phenothiazine ring system (Scheme 1) with the immobilized DNA layer can be utilized for their accumulation onto the electrode surface. [15] [16] [17] Recently, nanomaterials have been used in bioanalytical chemistry for their unique properties. Colloidal gold is a kind of nanomaterial which possesses tremendous specific surface area and good biocompatibility. 18 And the colloidal gold modified on a solid electrode behaves as an ensemble of closely spaced but isolated microelectrodes. Thus, it is a suitable material with which to fabricate nano-scale biosensors.
In this paper, we exploit the intercalative binding of phenothiazine derivatives to DNA for designing a highly sensitive affinity biosensor for these drugs. Meanwhile, selfassembly of colloidal gold in the nanometer scale onto a cysteamine modified electrode was used to facilitate the adsorption of Salmon Sperm DNA and to enhance the DNA accumulation amount at the electrode surface. Cyclic voltammetry was performed with a PARC 263 Potentiostat/Galvanostat (EG&G, USA), using a three-electrode configuration. The substrate working electrode was a gold electrode made by the Institute of Soil Research, the reference electrode was a saturated calomel electrode (SCE), and the counter electrode was a platinum electrode. Cyclic voltammetry was performed in an electrochemical cell with the range of temperature variation of ±1˚C at 25˚C.
Materials and Methods

Reagents and apparatus
A JEX-200CX Transmission Electron Microscope (TEM) (JEOL, Japan) was utilized to perform electron microscopy of gold nanoparticles prepared via citrate reduction method.
Gold colloid preparation
Gold colloid was prepared according to Sutherland 19 with slight modifications.
The resulting solution of colloidal particles was characterized by an absorption maximum at 520 nm. Transmission electron microscopy (TEM) data indicated an average particle size of 10 nm ± 1.5 nm (100 particles sampled) (Fig. 1) . The nanometer-sized colloidal gold particles or clusters are of approximately uniform diameter.
Electrode modification
The substrate gold electrode (GE) was polished with rough and fine aluminum oxide paper and then polished to mirror smoothness with an alumina (particle size of about 0.5 µm)/water slurry on silk, followed by rinsing with water and ethanol and brief cleaning in an ultrasonic bath for about 5 min.
The cysteamine monolayer was firstly prepared by soaking the clean gold electrode in 18 mM cysteamine aqueous solution for 4 h at room temperature in darkness. After the electrode was thoroughly rinsed with water to remove physically adsorbed cysteamine, it was immersed in pH 8.1 PBS containing 12% (v/v) glutaraldehyde solution for 12 h, and was rinsed with water. Then, the electrode was placed in an 18 mM cysteamine solution for 12 h, followed by dipping it into the gold nanoparticles solution for 18 h at 4˚C for immobilization of nano-gold, and followed by rinsing with water and pH 6.8 phosphate buffer solution for 20 s, respectively.
The gold nanoparticles-modified electrode was immersed in a 2 mg/mL double-stranded Salmon Sperm DNA solution for accumulation of dsDNA for 5 min at +1.5 V. Finally, the electrode was rinsed with water to remove unabsorbed DNA molecules and the film was then dried overnight at room temperature. Thus, a gold nanoparticles-modified electrode on which DNA was adsorbed was prepared. This electrode was thoroughly rinsed with nanopure water and was then stored at a temperature of 4˚C in the refrigerator. The preparation of the DNA-gold nanoparticle-cysteamine modified gold electrode (DNA/gold nanoparticle/Cysteamine/GE) is shown in Scheme 2.
A DNA alone-modified gold electrode (DNA/GE) was also prepared correspondingly for comparison by immobilization of DNA onto a bare substrate gold electrode.
Drug accumulation
The dsDNA-coated electrode was transferred to the stirred sample solution of the phenothiazine drugs in the phosphate buffer electrolyte solution for a desired time, while holding it at different potentials (depending on the analyte).
Results and Discussion
Surface areas of the electrodes
The real surface areas of the substrate gold electrode or the gold nanoparticles modified electrode can be determined by cyclic voltammetry (CV) in 0.10 M H2SO4 between -0.6 and +1.4 V (vs. SCE) (Fig. 2) by the integration of the cathodic peak during the reduction of superficial AuO according to the literature. 20, 21 The real surface area of the gold nanoparticles modified electrode in our experiments was calculated to reach 0.165 cm 2 , while the real surface area of the substrate bare gold electrode was 0.0534 cm 2 . It was obvious that the gold nanoparticles/Cysteamine/GE has a larger area for dsDNA immobilization; thus it is possible for more phenothiazine drugs to absorb at the electrode surface, and consequently a higher sensor sensitivity can be achieved.
In the meantime, the nanoparticle properties are also beneficial to the adsorption of DNA at the electrode surface. To understand the nature of nanostructure formation, it is necessary to elucidate detailed reaction pathways of chemisorption of colloidal gold particles at the modified surfaces. The adsorption reaction can proceed either by ion dissociation of the thiol or by formation of H · as follows: 22 Electrode∼SH + Au → Electrode∼SAu -+ H + (1)
Reaction (2) is favored considerably over (1) according to the previously reported electrochemical evidence [23] [24] [25] as well as conductometric analysis. 26 It was also affirmed by our experiments. If the adsorption reaction proceeds as indicated in Eq. (1), terminal SAu -will induce significant colloid aggregation, as occurred after addition of anions such as Cl -and OH -. However, no colloid aggregation was observed during the immobilization reaction.
Because adsorption proceeds by reaction pathway (2), the surface charge will not develop. Instead, a slight partial charge may appear on the surface of an immobilized colloidal particle due to the difference in electronegativity of Au and S atoms. Since the electronegativity of S is slightly higher than that of Au, a partial positive charge appears in Au particles which act as nuclei for additional DNA adsorption.
Electrochemical characteristics
The electrochemical response related to promethazine or chlorpromazine can easily be obtained at bare gold electrode (Fig. 3 ). (Scheme 3 shows the redox reactions of the two drugs). 11, 12, 27 But the DNA/gold nanoparticles/Cysteamine/GE exhibits substantially larger signals than unmodified gold electrode in the different phenothiazine drug solutions (Fig. 4) . DNA molecules at the gold nanoparticles modified electrode. This causes an increase in the anodic peak current.
Accumulation time
Differential pulse voltammetry (DPV) is employed in this work, as a relatively sensitive electrochemical technique. In order to obtain the optimal drug accumulation times, we performed DPV experiments of different accumulation times. From the plot of peak current vs. accumulation time for promethazine and chlorpromazine (Fig. 5) , we can see that the DPV peak current increases step by step, accompanied by accumulation times up to 3 min for both the drugs, and that the peak current achieved a stable-state current after 3 min. According to such experimental results, 3 min is selected as the optimal accumulation time for both promethazine and chlorpromazine.
Determination of promethazine and chlorpromazine
This work might also be used to determine trace promethazine or trace chlorpromazine in the range of -0.5 -1.0 V. 
Conclusion
The detection method for promethazine and chlorpromazine reported in this paper is based on the intercalative binding of phenothiazine derivatives to DNA. So the sensitivity can be satisfactory. Furthermore, the gold nanoparticles modified on the electrode behaves as an ensemble of closely spaced but isolated microelectrodes. The gold nanoparticles are used to facilitate the adsorption of DNA and to enhance the DNA accumulation amount at the electrode surface. Therefore, this method is more sensitive. Certainly, it also has some drawbacks, which include the complicated electrode modification protocol and the difficulty to regenerate the modified electrode. 
